Variation in response styles in the hypothalamic-pituitary-adrenal (HPA) axis are known to be predictors of short-and long-term health outcomes. The nature of HPA responses to stressors changes with developmental stage, and some components of the stress response exhibit long-term individual consistency (i.e., are traitlike) while others are transient or variable (i.e., state-like). Here we evaluated the response of marmoset monkeys (Callithrix geoffroyi) to a standardized social stressor (social separation and exposure to a novel environment) at three different stages of development: juvenile, subadult, and young adult. We monitored levels of urinary cortisol (CORT), and derived multiple measures of HPA activity: Baseline CORT, CORT reactivity, CORT Area Under the Curve (AUC), and CORT regulation. Juvenile marmosets exhibited the most dramatic stress response, had higher AUCs, and tended to show poorer regulation. While baseline CORT and CORT regulation were not consistent within an individual across age, CORT reactivity and measures of AUC were highly correlated across time; i.e., individuals with high stress reactivity and AUC as juveniles also had high measures as subadults and adults, and vice-versa. Marmoset co-twins did not exhibit similar patterns of stress reactivity. These data suggest that regardless of the source of variation in stress response styles in marmosets, individually-distinctive patterns are established by six months of age, and persist for at least a year throughout different phases of marmoset life history.
Introduction
The neuroendocrine stress response mediated by the hypothalamicpituitary-adrenal (HPA) axis is critical for a variety of adaptive physiological and psychological processes, including energy regulation, coping with short-term stressors, and mediating psychosocial responses to these stressors. Long-term exposure to elevated glucocorticoid (GC) hormones, the end-product of the HPA response, can be associated with a variety of deleterious psychological, physiological, and immune states (Sapolsky et al., 2000; Tasker, 2006) . There is considerable individual variation in the magnitude, timing, and duration of the HPA response to stressors, suggesting that individuals may differ in their susceptibility to the negative consequences of long-term exposure to stressors, and that individuals that exhibit atypically high levels of GC release in response to moderate or even mild stressors may also be at risk for negative health consequences (DeVries et al., 2007) .
A central question in examining individual differences in the nature of HPA responses to stressors is the degree to which individuals show consistency in the "style" of responding to stressors across time and across contexts (i.e., do individual stress responses show stable, trait-like properties in individuals?). Most, but not all, studies on human participants show moderate to relatively high intraindividual consistency among multiple measures of HPA function, including baseline cortisol (CORT; Flinn, 2009; Hamer et al., 2006) , stress reactivity to physical or psychological stressors (Berger et al., 1987; Cohen et al., 2000; Leung et al., 2010; Préville et al., 2008) , responses to dexamethasone/corticotropin releasing hormone (DEX/ CRH) challenge (Modell et al., 1998; Watson et al., 2005) , and the cortisol awakening response (CAR; Hellhammer et al., 2007; Thorn et al., 2009) . However, several studies report a lack of significant individual stability in multiple components of the HPA response, including baseline CORT in samples collected six weeks apart (Kirschbaum et al., 1990) , CORT reactivity to two public speaking stressors separated by 4 weeks (Hamer et al., 2006) , and DEX/CRH responding in high-risk psychiatric patients tested at a 4 year interval (Modell et al., 1998) . Thus, there is considerable evidence (with obvious caveats) that many parameters of HPA function remain stable over repeated testing sessions. However, a serious limitation of these studies is the restricted time scale across which multiple measures are taken. Most of the studies assess HPA function across days, weeks or months, and only a few carry measures over the course of years, and hence are limited to a one or two stages of life history (e.g., infancy and childhood, young adult, elderly), and it is clear that average HPA function varies significantly across life history stages (e.g., prepubertal to postpubertal: Gunnar et al., 2009 ; early postnatal to later postnatal: Pryce et al., 2002; Sapolsky and Meaney, 1986) .
In nonhuman primates, there is mixed evidence for individual stability in HPA function. Higley et al. (1992) compared CORT responses during separation tests in mother-vs. peer-reared rhesus macaque (Macaca mulatta) infants and juveniles at 6-and 18-months-of-age. Baseline CORT was similar between the two rearing conditions, but peer-reared juveniles showed higher CORT responses to separation than mother-reared infants. However, regardless of rearing condition, baseline CORT and CORT during early, but not late stages of separation, were highly consistent across the one-year period. Likewise, Capitanio et al. (1998) showed that CORT responses to three separate conditions (baseline, physical restraint stress, and DEX challenge) were highly stable among individual rhesus macaques at four different sampling points throughout a one-year period. Interestingly, correlations of CORT responses by individuals across stressor conditions were not significantly correlated (e.g., an individual's restraint stress CORT levels were not significantly associated with their response to DEX challenge or to their baseline CORT). Finally, Lilly et al. (1999) assessed immune function and HPA activity in female macaques in three contexts: upon capture from a free-ranging colony, during solitary housing, and during a transition to group living. Immune parameters exhibited significant individual stability over these three contexts, and mean CORT levels varied among conditions, but individual differences in CORT levels were not consistent across the three conditions. Similar to the findings on human stress responses, the data on stability in stress profiles are mixed in nonhuman primates.
Marmoset monkeys (genus Callithrix) represent an interesting case study for evaluating individual consistency in stress responses. Chronic physical and psychogenic stressors can produce states that are similar to clinical symptoms observed in human populations, including reduced reproductive function (Johnson et al., 1991) , increased anxiety-like behavior, HPA axis dysfunction, and altered social competency (Johnson et al., 1996; Smith et al., 2011) . Marmosets live in family-like social units, and relationships within these groups can be both a source of buffering of the HPA system against psychosocial stressors (Rukstalis and French, 2005; Smith et al., 1998) and a potent activator of the stress response as a consequence of intrafamily conflict (Smith and French, 1997b) . In addition, since marmosets routinely give birth to fraternal, or dizygotic twins (Benirschke, 1995) , it is possible to contrast the combined effects of shared genes and common intrauterine environments with differences in postnatal environments in shaping stress-related phenotypes. In contrast to human and other nonhuman primates (e.g., macaques), however, marmosets exhibit exceedingly high circulating levels of glucocorticoids (Coe et al., 1992) and have correspondingly low sensitivity in glucocorticoid receptors (Chrousos et al., 1982) .
One previous study has examined age-related changes in stress reactivity in common marmosets (Callithrix jacchus). Pryce et al. (2002) studied changes in basal HPA activity from one week of age through adulthood, and stress-induced changes in HPA function at 2, 6, and 12 months of age. Yamamoto (2003) has defined major age classes for marmosets as infant (0-5 months), juvenile (5-10 months), subadult (10-15 months), and young adult (>15 months). Unlike rodents, which have a distinct hyporesponsive HPA system in the postnatal period (Sapolsky and Meaney, 1986; Walker et al., 1986) , one-week old marmosets have significantly elevated basal plasma ACTH and CORT. Pryce et al. (2002) noted that basal ACTH and CORT levels reached adult-like levels by four months of age. Furthermore, when exposed to capture and isolation from the natal family group, two-month old marmosets had significantly higher stress reactivity (both ACTH and CORT) than 6-month and 12-month old marmosets. Because Pryce et al.'s (2002) study was a combination of longitudinal and cross-sectional designs, however, the authors were not able to track individual stability across age in either basal or stress-induced neuroendocrine function.
To address the question of stability in individual stress response styles, we exposed white-faced marmosets (Callithrix geoffroyi) to a psychosocial stressor (separation from their natal family group and housing for 8 h in a novel environment) at 6-, 12-, and 18-months of age. By six months of age, infants are independent of carriers but are the youngest offspring in the family group. By 12 months of age, marmosets are approaching adult body weight, and serving as caregivers for younger siblings, but are typically prepubertal in the natal family group. By 18 months, both males (Baker et al., 1999; Birnie et al., 2011) and females (Filippini & French, in preparation; Saltzman et al., 1997; Smith et al., 1997) have typically reached puberty (as indexed by elevated testosterone and the appearance of normative ovulatory cycles). In this study, we addressed three questions regarding the HPA stress response. First, we inquired whether there were age-related changes in the response characteristics of the HPA system (baseline CORT, maximum CORT response to the stressor, AUC, and regulation of the HPA axis after cessation of the stressor). Secondly, we tested the degree to which individuals maintained consistent HPA response styles across three distinctly separate phases of marmoset life history. Finally, we assessed whether fraternal co-twins displayed concordant stress response styles. To the extent that shared alleles and common intrauterine environments shape stress response styles, we predicted that twin littermates would exhibit common patterns of stress reactivity.
Methods

Subjects
The subjects in this experiment were 28 white-faced marmoset offspring (C. geoffroyi) born to breeding pairs in the Callitrichid Research Center at the University of Nebraska at Omaha. Six breeding pairs produced an average of three litters for the study (range one to five litters; see Table 1 for details on litter size and sex ratios). All subjects lived in intact family groups with their mother, father, and older and younger siblings. Sixteen of the marmosets recruited into the study were male, and 12 were female. Family groups were housed in large breeding enclosures (minimum of 0.8 m 3 per individual) that contained natural branches, rope vines, sleeping enclosures, and a variety of enrichment and foraging devices. The marmosets were fed a diet of commercially-prepared marmoset diet (Zu-Preme©) at 0800 h, and fresh fruit, eggs, and invertebrate protein at 1400 h. Fresh water was available at all times. Additional details on husbandry and management can be found in (Schaffner et al., 1995) . All animal procedures were approved by the UNMC/UNO Institutional Animal Care and Use Committee, and the CRC is a USDA-licensed and AAALAC-accredited facility.
Standardized psychosocial stressor procedure
Each of the offspring in the experiment was exposed to a standardized psychosocial stressor at three time points in development: 6, 12, and 18 months of age. At each developmental stage, we collected Table 1 Source and sex ratios of marmosets utilized in the study.
Breeding pair
Number of litters Litter size at testing and sex ratio urine samples on three successive days. We utilized a noninvasive sampling procedure that involves training marmosets to urinate into aluminum pans in exchange for a food reward (see French et al., 1996 for details). First-void urine samples were collected between 0600 and 0800 h on the day prior to, the day of, and the day after the stressor. On the day of the stressor, the marmoset was removed from its natal family group by capture with a net at approximately 0900 h, and was transferred to a large, novel transport cage (50 × 50 × 50 cm) located in a room some distance from the colony room that contained the family's enclosure. The stressor therefore involved both a social component (social separation from the family members) and a novelty component (housing in an unfamiliar cage in an unfamiliar room). We utilized this manipulation since it is known to reliably produce elevated cortisol in adult marmosets (Rukstalis and French, 2005; Smith et al., 1998) . The marmoset remained in this environment for 8 h, and was returned to its home cage at 1700 h. During the separation phase of the experiment, plastic sheets were placed under the transport cage, and urine on these sheets was checked and collected once per hour.
On the third day of the procedure, an additional first-void sample was collected using our reward paradigm. If twin siblings were tested on the same day, they were placed in different novel cages/rooms with no visual contact, and only limited acoustic and olfactory contact. After collection, urine samples were pipetted into 1.5 ml microcentrifuge tubes, spun briefly in a centrifuge at 2500 rpm to remove detritus, then transferred to a clean vial and stored at − 20°C until assay. Because not all marmosets urinated at every hourly collection time, data were collapsed into four two-hour blocks for analysis (e.g., 0900-1100 h, 1100-1300 h, etc.). Five marmosets did not provide a Day 3 first-void urine sample, and as a consequence were not used in analysis for some of the derived stress measures. This yielded a total of 15 males and 8 females.
Cortisol assay
We used a cortisol enzyme immunoassay that has been developed and validated for marmosets (Smith and French, 1997b) . Briefly, well plates were coated with rabbit anticortisol antibody, and 50 μl of standard and urine sample (diluted 1:6400 in double-distilled H 2 O) was added. Standards were serially diluted in distilled and deionized H 2 O, and ranged from 1000-7.8 pg/well. Labeled cortisol (horseradish peroxidase, HRP) was added to each well, and the plates incubated for 2 h. After separating free from bound hormone in each well by washing the plate four times, we added 100 μl of substrate (ABTS and H 2 O 2 ) and allowed the plate to develop until the B 0 wells reached an optical density of approximately 1.0. The sample concentration was determined with a four-parameter sigmoidal fit function. Two quality control urine pools, one that averaged approximately 70% binding (Low QC) and one that averaged 30% binding (High QC) were assayed on every plate to insure reliability and stability. Cortisol assays were conducted over a period of eight years, and intra-assay coefficients of variation (CV) for high and low pools ranged from 3.7 to 7.3% and 3.3 to 6.1%, respectively. Interassay CVs for the high and low pools ranges from 8.7 to 14.7%, and 13.3 to 18.2%, respectively. To minimize procedural variability, all samples for a single individual (i.e., at all three time points) were assayed at the same time whenever possible. Samples that were above or below the endpoints on the standard curve were rediluted and reassayed. To control for variable fluid intake and output, creatinine concentrations were determined with a modified Jaffe reaction colorimetric assay, and the concentration of hormone in the urine sample (in μg/ ml) was divided by the creatinine concentration (in mg/ml) to yield values of cortisol in μg Cortisol/mg Creatinine.
Determinants of stress reactivity and analysis
Fig. 1 depicts a typical pattern of baseline cortisol, response to social separation/novelty exposure, and the return of cortisol to near baseline levels on the following day. We extracted four measures from these glucocorticoid response curves. First, stress reactivity was defined as the maximum cortisol concentration during the stressor, relative to the initial baseline levels (expressed as change in cortisol levels). Second, the regulation of the stress response was assessed by comparing the average of the first two first-void baseline concentrations with the levels noted on the third day's baseline first-void sample (Day 3 cortisol − average Days 1 + 2 cortisol). A large number indicates poor regulation, since levels on Day 3 remain elevated even though the stressor has been terminated for at least 15 h, while a smaller number or negative value indicates a well-regulated stress response, since the Day 3 baseline has returned to or near the prestressor baseline samples. Finally, we calculated the area under the curve (AUC) for the stress response in two different ways. In the first measure (AUC-ground, AUC G ), the area under the cortisol response curve with respect to the zero point was calculated using the trapezoidal method. In the second (AUC-increase, AUC I ), the area under the curve was calculated relative to the baseline value. Each provides slightly different information about the integration of the magnitude of the cortisol response and the duration of the response (increase over baseline in the case of AUC I , and an estimate of total exposure to glucocorticoids in the case of AUC G ; Pruessner et al., 2003) , and it is recommended that both be evaluated in studies of responses to temporally well-defined stressors.
As is the convention in related studies (Dettling et al., 2002a (Dettling et al., , 2007 Law et al., 2008) , we treated individual marmosets as independent subjects in the analyses. Changes across age in the stress response were analyzed with repeated measures ANOVAs (three-way repeated measures: age (6, 12, and 18 months of age), sex (male vs. female), and time of sample collection (baseline, 1100 h, 1300 h, 1500 h, 1700 h, post-separation)). Alpha was set at the conventional 0.05 level. The degree of consistency and stability in the parameters of baseline cortisol, stress reactivity, stress recovery, and AUC G and AUC I were evaluated with Pearson's correlation, as was the similarity in these measures between co-twins from a common litter. To control for inflation in experiment-wide alpha error for correlations, we set at p b 0.01.
Results
Age differences in stress reactivity to social separation/novelty exposure Regardless of age, marmosets responded with increases in urinary cortisol to separation from their natal family group and being housed Fig. 2 ). We noted clear age-related changes in the dynamics of cortisol production and excretion as a function of the separation/ novelty stress (interaction of age and time: F(10,210) = 7.63, p b 0.001). The magnitude of the stress response was significantly higher in 6-month-old marmosets, and became attenuated as marmosets passed through 12 and 18 months of age. Post-hoc comparisons (highlighted by brackets in Fig. 2 ) revealed that, regardless of age, levels of urinary cortisol were significantly elevated over Baseline for all subsequent samples, including the Post-separation value (p's ≤ 0.001). Six-month-old marmosets had a dramatic increase in urinary cortisol in the first samples collected after separation/novelty, and their mean cortisol levels were significantly higher than those in 12-and 18-month-old marmosets for the duration of the stressor. They also showed significantly elevated urinary cortisol, relative to 18-month-old marmosets, at the Post-stress time point (p's b 0.01). Twelve-and 18-month-old marmosets exhibited slower elevations in urinary cortisol immediately after exposure to the stressor (1100 h), but the 12-month-old marmosets exhibited significantly higher levels of urinary cortisol at 1300 h, 1500 h, and 1700 h, relative to the older marmosets (p's ≤ 0.02).
Derived components of the stress response also showed significant changes as a function of age. Cortisol reactivity during the stressor followed an age-graded pattern, with youngest marmosets exhibiting the highest maximum urinary cortisol levels during the stressor and oldest marmosets exhibiting the lowest levels (F(2,52) = 35.50, p b 0.01; Fig. 3B ). Both measures of Area Under the Curve followed similar patterns, and 6-month-old marmosets had significantly higher mean AUC I and AUC G than 12-and 18-month-old marmosets, who did not differ from each other (AUC I : F(2,44) = 4.57, p b 0.016, Fig. 3C ; AUC G : F(2,44) = 20.52, p b 0.001; Fig. 3D ). Differences across age in the regulation of urinary cortisol back to baseline after reunion with the natal family group were not significantly different (Fig. 3A) , and all means are positive, indicating that marmosets at all three developmental stages had persistent elevation of HPA function, even after cessation of the separation/novelty stressor.
Consistency in patterns of stress reactivity during development
Some, but not all, aspects of the stress response to separation/ novelty in marmosets were remarkably consistent within individuals throughout development. Table 2 presents bivariate Pearson correlations between stress measures at all time points. Baseline urinary cortisol and the regulation of the cortisol response to the stressor were not consistent among individuals over age. However, an individual's cortisol reactivity at six-months of age was highly predictive of cortisol reactivity at 12 and 18 months of age (Fig. 4) . Likewise, AUC G and AUC I at six-months of age was significantly correlated with the same measures at 12-months of age, and AUC I at six-months also tended to predict AUC I at 18 months of age (p b 0.05; Fig. 5 ). As with changes in cortisol with age, there were no sex differences in the patterns of correlations among stress response parameters across age between male and female marmosets.
Correlation among stress response patterns in co-twins
There was a remarkable lack of similarity in CORT stress response parameters among co-twins produced in a single litter. The correlations between the ten twin pairs for our stress measures are shown in Table 3 . Only one r-value (AUC G at six months of age) reaches conventional levels of statistical significance (p b 0.05) and did not meet our enhanced criterion of p b 0.01. Four of the 15 correlations are negative, and six of 15 correlations are ≤0.10.
Discussion
Stress reactivity has been demonstrated to be a significant component of adaptation to environmental stimuli, and variation in the nature of the stress response has been linked to a variety of health outcomes. The data in this paper highlight two important sources of variation in HPA function in marmoset monkeys. First, we demonstrated that there are significant age-related differences in responses to a standard psychosocial stressor. Six-month-old marmosets showed higher maximal CORT responses, showed higher AUC responses, and had persistently elevated post-stressor CORT, relative to 12-and 18-month old marmosets. Second, we highlighted significant consistency in some components of the stress response, including maximal reactivity, and two indices of AUC. In contrast, baseline CORT and the regulation of CORT levels after cessation of the stressor did not show consistency across the three time points. Finally, our data are very clear on the point that co-twins do not necessarily exhibit similar patterns of HPA responses to a standardized psychosocial stressor.
When we compare our results directly with those of Pryce et al. (2002) , we note that neither study detected significant sex difference in any parameter of stress reactivity at any age. The two studies differ, however, some important and interesting aspects. Pryce et al. (2002) reported that mean baseline CORT was similar from 6 months of age to adulthood, while we show that baseline CORT was significantly higher in 6-month-old than in 12-month-old marmosets, and tended to be higher than in 18-month-old marmosets (Fig. 2 ). There were also differences in the age at which dynamic components of the stress response in developing marmosets became stabilized. Pryce et al. (2002) reported that plasma ACTH and CORT became dampened in 6-and 12-month old marmosets, relative to the responses in 2-month old subjects, but that the response had stabilized by 6-months of age and was not different from the pattern at 12-months. In contrast, our data show that there is a reduction in HPA responses to the stressor between 6 and 12 months of age, and this reduction in the magnitude of the CORT response continues between 12 and 18 months of age. There are some methodological differences that could account for this discrepancy. First, Pryce et al. (2002) assessed HPA response via plasma samples, while we utilized excreted CORT in urine. This is not likely to be an important difference, however, since we have previously provided considerable biological validation that urinary CORT accurately reflects circulating levels of plasma CORT. We demonstrated that urinary CORT in marmosets: (i) tracks the well-documented circadian pattern in plasma (Smith and French, 1997b) , (ii) responds within 30 to 60 min to both physical and social stressors (Smith and French, 1997b) ; and (iii) parallels the expected increases in circulating CORT during pregnancy (Smith and French, 1997a) . Another likely interpretation of the differences in the studies deals with the fact that Pryce et al. (2002) included only three sample times (immediately prestressor baseline, immediate following the stressor, and 120 min following cessation of the stressor). We collected multiple samples throughout the duration of the stressor, and may have been able to characterize the dynamics of the stress response in a more finely detailed manner. Nonetheless, both studies highlight important developmental changes in the way in which marmosets of different ages respond to standardized stressors. Our data revealed clear developmental differences in the magnitude and dynamics of the CORT response to a standardized social stressor. Relative to older marmosets, younger marmosets tended to have higher basal CORT values, had significantly elevated CORT during the stress period, and showed higher AUC measures. Studies on age-related variation in human and animal stress profiles tend to concentrate either on discrete changes in early infancy (Sapolsky and Meaney, 1986; Walker et al., 1986 ; review of human studies in Gunnar and Donzella, 2002) or changes associated with healthy and pathological aging (review in Kudielka and Kirschbaum, 2005) . Two cross-sectional studies in human infants, children, and adolescents suggest a U-shaped function between these age ranges (which were the targeted life stages studied here) and stress reactivity. In infants and toddlers, the stress associated with healthy baby physicals (including handling and inoculations) was highest at 2 months of age, and dropped systematically at each subsequent physical at 6, 12, and 24 months of age (Davis and Granger, 2009) . In a public speaking stress induction protocol, 9-and 11-year-old boys and girls showed little elevation in CORT, while 15-year-olds of both sexes displayed significant elevations of CORT when exposed to the stress procedure. At 13 years of age, there was a sexually dimorphic response: girls responded to the stress protocol with elevated CORT, while boys failed to respond (Gunnar et al., 2009 ). There is a methodological limitation to the data associated with the Davis and Granger (2009) study, since there was a reduction in the number of inoculations the participants received that also correlated with increased age. Thus, reduced stress reactivity in toddlers could simply be explained by the fact that the examination was, in fact, less stressful, as opposed to a development change in CRH or ACTH secretion, changes in GC production, or changes in negative feedback. There is a conceptual limitation to the study on older children. In public speaking tasks, it is clear that the social/evaluative component is the most important variable associated with stress reactivity (Dickerson and Kemeny, 2004) , and it could be that younger adolescents find the evaluative threat associated with public speaking to, in fact, constitutes less of a stressor than older adolescents.
Our data clearly portray a negative monotonic relationship between age and stress reactivity in marmosets -marmosets recruit a less extreme stress response to a standardized stressor as they age from 6-to 18-months of age. One explanation for this result is that the maturing HPA axis becomes more sensitive to negative feedback, and older marmosets are better able to maintain lower levels of CORT in the face of the stressor. It is well-established that both mineralocorticoid receptors (MR) and glucocorticoid receptors (GR) in the hippocampus play a crucial role in regulating negative feedback in the HPA axis (De Kloet et al., 1998) , and thus changes in MR and GR expression and density could account for age-related differences in the magnitude of stress responses. However, in common marmosets, the expression of GR mRNA in the hippocampus is stable from birth throughout ontogeny (Pryce et al., 2005) . MR receptor mRNA increases early in infancy in marmosets, is stable by 4 months of age, and does not change from 4 months through adulthood (Pryce et al., 2005) . Thus, it is unlikely that GR and/or MR changes account for the differences in stress responses in marmosets of different ages. The other alternative is that younger marmosets process the contextual stimuli associated with separation from the family and exposure to novel environments differently from older marmosets, appraise this environment as a greater threat to homeostasis, and therefore recruit a larger HPA response.
While the dynamic phases of the CORT stress response were individually idiosyncratic across age, baseline CORT measures (average of two samples from 'undisturbed' marmosets) were not consistent for individuals across time. It is likely that baseline cortisol is highly labile, sensitive to a number of factors that would be expected to differ from day-to-day and month-to-month. Among these factors may be the amount of food consumed on the previous day, variation in activity/ wakefulness during the previous evening (Fite et al., 2003) , presence or absence of intragroup conflict (Smith and French, 1997b) . The unpredictability of these and others as yet unidentified factors that alter baseline CORT could certainly account for the lack of temporal stability in this component of stress reactivity in marmosets.
What are the possible causal factors that produce and maintain consistent individual differences in HPA response styles, such as the ones we have demonstrated in the present paper? There are certainly strong genetic determinants of HPA responsivity, as evidenced from three lines of empirical evidence. First, in nonhuman animals selective breeding for high and low stress responsivity lines or strains can produce significant divergence in CORT responses to stress in as little as a single generation (mice: Touma et al., 2008; rats: Roman et al., 2004; birds: Carere et al., 2003; Evans et al., 2006; fish: Fevolden et al., 1991; Overli et al., 2005) . Secondly, twin studies have indicated a strong hereditary component to account for variation in stress reactivity. Relative to dizygotic (DZ) twins, monozygotic (MZ) twins have more similar baseline CORT (Steptoe et al., 2009 ), more similar responses to a public speaking task (particularly CORT reactivity; Federenko et al., 2004) , have more similar CARs (Wust et al., 2000) , and more similar CORT reactivity in response to playing an arousing computer game (Steptoe et al., 2009 ). [It is interesting in this light that we fail to see commonality in patterns of stress responses in dizygotic twin pairs in marmosets.] Finally, there is a growing list of candidate genes that show polymorphisms that map onto differences in stress reactivity, including genes that directly affect HPA function (e.g., glucocorticoid and mineralocorticoid receptor genes; reviewed in DeRijk et al., 2011) and those associated with other neurotransmitter systems (GABA: Uhart et al., 2004; monoamines: Jabbi et al., 2007) . To date no systematic investigation of the genetic basis underlying individual variation in marmoset stress reactivity has been published, but it would seem fruitful to explore this possibility.
In addition to strict genetic influences on stress reactivity, variation in early environments (both pre-and postnatal) could influence stress response styles. It is becoming increasingly apparent from studies of rodents (Diorio and Meaney, 2007) , nonhuman primates (Parker and Maestripieri, 2011) , and humans (Ellis et al., 2006; Flinn et al., 2011; Gunnar and Quevedo, 2008 ) that the quality of early social environments exerts a profound influence on lifetime patterns of stress response styles. This notion has also been explored in common marmosets via experimental manipulations of early life experiences in infants. Infant marmosets that received early parental deprivation (a duration of 30 to 120 min per day from postnatal day 2 to 28) exhibited elevated basal CORT early during a social separation, but blunted CORT levels by the end of the parental deprivation phase, relative to normally-reared infants (Dettling et al., 2002a) . When tested with a psychosocial stressor at 18-20 weeks of age (approximately the age of the youngest marmosets in our study), the early-deprived marmosets again exhibited blunted baseline CORT, but their stress-induced changes in CORT did not differ from nondeprived control marmosets (Dettling et al., 2002b) . Further, experimental manipulation of early experience in marmosets (again, early parental deprivation) resulted in differential gene expression associated with synaptic function and plasticity in areas of the brain involved in emotional processing and stress coordination, particularly the hippocampus (Law et al., 2008) . These results suggest that early variation in the quality of postnatal life can produce long-term changes in HPA function and the brain areas involved in the regulation of this system in the marmoset.
It should also come as no surprise that there is growing evidence that genetics and early environments interact to uniquely determine stress response styles (Boyce and Ellis, 2005) . For instance, OuelletMorin et al. (2008) reported that under conditions of low early family adversity, MZ twin toddlers had more similar salivary CORT responses to a mild stressor than DZ twins. However, in instances where twins were reared in a home characterized by high family adversity, there was no difference in stress response styles between MZ and DZ twins. In rhesus macaques, infants that carry at least one short allele of the serotonin transporter gene (rh5HTTLPR) exhibit altered HPA function in response to a separation stressor, and the magnitude of changed HPA function is modulated by differences in rearing conditions (Barr et al., 2004) . Recently, McCormack et al. (2009) demonstrated that infants with the "at-risk" short allele for serotonin transporter who are not abused as infants exhibit lower CORT reactivity than those that are abused, and infants who lack the short allele but who are abused as infants exhibit higher levels of CORT during a stressor than monkeys of a similar genotype that are not abused. These finding suggests that allelic variants that influences stress reactivity are more influential in shaping stress phenotype in some early environments than in others, and that research strategies that evaluate gene-environment interactions will yield valuable insights. Once allelic variation in genes that regulate stress reactivity are identified in marmosets, this information will allow us to track the ways in which early variation in offspring care interact with this genetic variation to shape long-term patterns of stress reactivity.
In sum, our results provide the first demonstration that multiple components of the HPA response change significantly across developmental stages in marmosets. However, in spite of the ontogenetic changes, HPA responsiveness remains remarkably consistent within an individual across multiple phases of life history in marmoset monkeys. Our initial evaluation of concordance of stress reactivity in co-twins suggests that shared alleles among twins and a common intrauterine environment may not be major contributors to individual differences in shaping HPA function. We are currently exploring whether normative and natural variation in the quality and quantity of offspring care received early in life can account for individual variation in HPA function (Burrell et al., in prep.) , and it may be that variation in early experience may contribute to important and persistent individual differences in stress response style. However, regardless of the origin of these individual differences, HPA response styles are set by six months of age in marmosets, and persist for at least a year.
